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ABSTRACT 

The EBR-II plant includes an integral, r emote -
controlled Fuel Cycle Facility wherein spent fuel elements 
a re to be pyrometallurgically refined, refabricated, inspect
ed, and reassembled for return to the reac tor . This report 
descr ibes the experimentally supported changes and r e 
finements made in the prototype sodium-bonding and bond-
inspection equipment to ensure: (l) acceptable fuel elements 
for the initial core loading; and (2) equally acceptable e le
ments in production quantities in the parent installation. 
More specifically, the mode of imparting bonding energy to 
the fuel element was changed from a vibratory action to 
a se r ies of timed impacts . This reflected an increase in 
the yield of acceptable elennents and a reduction of machine 
operation t ime. A nondestructive, eddy-current instrument 
was developed and demonstrated as capable of detecting all 
defects in the liquid sodium bond. The diameter of the lower 
r e s t r a ine r knob in the fuel element was increased to el imi
nate eccentrici ty as a contributor to e r ra t ic level of the so
dium bond. As a result , the sodium level can be detected to 
a tolerance of ± ̂  in. with a single, encircling eddy-current 
coil. Shrinkage voids in the sodium were not encountered. 
However, laboratory test data are presented in support of the 
conclusions that: (l) shrinkage voids can be promoted by 
improper cooling, even in initially void-free elements; and 
(2) the voids a re t ransient in nature and do not permanently 
disturb the homogeneity of the sodium bond. 

I. INTRODUCTION 

The Experimental Breeder Reactor-II (see Fig. 1 for a sketch of the 
complex) is an unmoderated, heterogeneous, sodium-cooled reactor and 
power plant with a power output of 62.5 Mw of heat. The energy produced in 



the reactor is converted to 20 Mw of electricity through a conventional 
steam cycle. The reactor may be fueled with U"^ or plutonium, and the 
plant includes an integral Fuel Cycle Facility. In this facility, spent fuel 
elements are removed from their respective subassemblies, processed, 
fabricated, inspected, reassembled by remote control, and returned to the 
reactor. 

Fig. 1. Experimental Breeder Reactor-II Plant Complex 
111-7032-A 

The reactor is divided into three main zones: core, inner blanket, 
and outer blanket. Each zone is comprised of a number of right hexagonal 
subassemblies identified accordingly. A single subassembly size (2.290 in. 
across flats; 0.040 in. in wall thickness) is employed through the reactor . 
The upper end of each subassembly is identical, and all subassemblies are 
accommodated by the same remote-controlled handling and transfer devices. 

Each subassembly contains a number of fuel elements, and/or 
blanket elements, of size and shape peculiar to that type of subassembly. 
The core subassembly (see Fig. 2) is comprised of three "active" sections: 
upper blanket, core, and lower blanket. The core section consists of 
91 cylindrical fuel elements spaced on a triangular lattice by a single, 
helical rib on the outside of each element. The elements are supported 
within the subassembly by fastening their lower ends to a support grid. 



UPPER BLANKET SECTION 
(18 BLANKET ELEMENTS) 

CORE SECTION 
(91 CORE ELEMENTS) 

LOWER BLANKET SECTION 
(18 BLANKET ELEMENTS) 

Fig. 2. Core Subassembly 
106-5982 

LOWER ADAPTER 



The heat generated in the fuel (or blanket) material is removed by the pr i 
mary sodium coolant which flows up through the subassemblies and around 
the fuel and blanket elements. 

The design of the fuel element is influenced by the desire for high 
thermal performance, high burnup, and simplicity of construction amenable 
to fabrication by remote-control methods. Each fuel element (see Fig. 3) 
consists of a right circular cylinder (pin) of fuel alloy (of 0.144-in. OD and 
14.22 in. long) contained in a thin-walled stainless steel tube (of 0.156-in. ID 
and 0.009-in. wall). The resultant annulus is filled with sodium to a p re 
determined level to provide a heat- transfer bond between the fuel pin and 
the fuel tube. Closure of the fuel tube is effected by a top end welding and 
fuel-restraining plug. 

- 049 SPACING WIRE 

_ r 
174 0 0. X .009 WALL TUBING 

PREASSEMBLED FUEL ELEMENT TUBING, SPACING WIRE S ADAPTER 

• 14.22 

r̂ ' j _ 

FUEL PIN T:: 44 OIA. 

FUEL ELEMENT ASSEMBLY 
(dimensions In in.) 

Fig. 3. Fuel Element Components 
112-2790 

The fuel alloy has been established by the fuel-refining process 
selected. Of particular significance is the fact that the process employed 
to refine the spent fuel does not remove all of the fission contaminants. 
Certain fission product elements, notably molybdenum and ruthenium, 
build up to an equilibrium concentration in the alloy. Fortunately, the r e 
sultant "fissium" alloy appears to exhibit excellent stability with respect 
to irradiation damage and thermal cycling. To avoid large changes in alloy 
composition with each fuel cycle, the initial fuel pins are fabricated of an 
alloy approximating the equilibrium composition. This composition con
sists of enriched uranium plus approximately 5 w/o synthetic fission 
products. 

The fuel process and fabrication cycle for each spent subassembly 
will be prefaced by a shor t - term cooling period in the storage a rea of the 
Reactor Plant. Subsequently, the subassembly will be transported to the 
Fuel Cycle Facility (see Fig. 4) for reprocessing. Housed within this 
facility are two "hot" gamma-shielded cells. One is a conventional hot cell 
with an air atmosphere. The other is a sealed cell with a high-purity a r 
gon gas atmosphere. Both cells have been designed to contain the machinery 
for continuous, remote-controlled reprocessing of the reactor fuel 



Fig. 4. Fuel Cycle Facility 
106-3816-Rev. 

The fuel-processing cycle is shown schematically in Fig. 5. The 
spent subassembly is disassembled in the Air Cell, and the fuel elements 
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are transferred into the Argon Cell. Here , the fuel elements a re decanned, 
chopped, pyrometallurgically refined, injection cast, demolded, sheared 
to size, inspected, loaded, welded, and leak inspected. The reprocessed 
fuel elements are returned to the Air Cell, where they are bonded, bond in
spected, and reassembled into core subassemblies to complete the cycle. 

The balance of this report describes the research-feas ibi l i ty test 
program carr ied out concurrently with the fabrication of the initial core 
loading for the EBR-II. The core loading was fabricated with prototype 
equipment proposed for remote-controlled operations in the Fuel Cycle 
Facility. The purpose of the combined program was to improve the fuel 
element-bonding equipment and bond-inspection techniques, and, hence, to 
increase the production of elements acceptable for re turn to the reactor . 

The results of the program reflected an increase in the overall 
efficiency of the bonding and inspection techniques consistent with c r i te r ia 
specified for acceptable fuel elements. 
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RESTRAINER 

II. BONDING 

A. Vibratory Bonding 

Bonding is the operation designed to produce a uniform, gas-free , 
annular sodium bond to insure maximum heat transfer from the fuel e le 

ment to the pr imary system coolant. 
The cr i ter ia for acceptable bonds in 
EBR-II fuel elements a re : (1) that 
the annulus be clear of all gas bub
bles or void areas greater than 
3 1 

-TT- in. long and -— in. wide; (2) that 
the sodium be in wetted contact with 
the surface of the fuel pin and the 
inner surface of the fuel tube; (3) that 
the level of the sodium extend 
0.65 t 0.10 in. above the fuel pin; 
and (4) that the gas pocket be clear 
of trapped sodium. Figure 6 is a 

TRAPPED Ka composite of various defects that 
might prevail , either singly or jointly, 
in an inadequately bonded fuel 
element. 

Several methods of bonding 
the elements were evaluated in an 
independent study. ^ These included: 
furnace bonding; submerged canning; 

GAS BUBBLE ultrasonics; centrifuging; p ressure 
pulsing; and vibratory bonding. The 
vibratory technique held the greates t 
promise of bonding a high percentage 
of acceptable fuel elements. More
over, it could be projected to fairly 

VOID IN Na simple machinery of large production 
capacities. 

Fig. 6. Composite of Defects Typi
cal of an Unacceptable Fuel 
Element. 

Accordingly, two prototype 
machines based on this bonding 
technique, each with a capacity of 
fifty elements, were installed on the 
initial core production line. Each 

unit (see Fig. 7) consisted of a vibrating magazine-support platform driven 
by a 60-cycle vibrator; a centrally located, resis tance-type heater coil; a 
right cylindrical magazine that fits over the heater, res t s on the vibrating 
platform, and supports fifty fuel elements in a vert ical position by means 
of individual tubes fabricated into the magazine; fifty loose-fitting sockets 

1 E . S. Sowa and E. L. Kimont, Development of a Process for Sodium 
Bonding of EBR-II Fuel and Blanket Elements, ANL-6384 (July 1961). 



VIBRATING MAGAZINE (REMOVABLE) 

F i g . 7. V i b r a t o r y Bonding F u r n a c e A s s e m b l y 
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tha t s u p p o r t the e l e m e n t s in the h o r i z o n t a l p lane and a r e the connec t ing 
l ink b e t w e e n the v i b r a t i n g p l a t f o r m and the e l e m e n t ; and the n e c e s s a r y h a r d 
w a r e and e l e c t r i c a l c o n t r o l s for o p e r a t i o n of the m a c h i n e s . 

The fuel e l e m e n t s , a s d e l i v e r e d to the bonding m a c h i n e , a r e c o m 
p l e t e l y a s s e m b l e d : the fuel p ins a r e con ta ined in m e a s u r e d c ladding c a n s 
t o g e t h e r w i t h a p r e d e t e r m i n e d a m o u n t of s o d i u m to i n s u r e a p r o p e r s o d i u m 
l e v e l ; the fuel r e s t r a i n i n g end p lugs a r e we lded in p l a c e ; and the e l e m e n t s 
have been i n s p e c t e d for l e a k s and g r o s s m i s a l i g n m e n t . 

The o p e r a t i o n of the bonding equ ip inen t i s a s fo l lows: The fuel e l e 
m e n t s a r e l o a d e d into the m a g a z i n e and p l aced on the v i b r a t i n g p l a t f o r m . 

The l o o s e - f i t t i n g s o c k e t s ex tend th rough the m a g a z i n e 
and m a k e c o n t a c t wi th the p l a t e c o n n e c t e d to the 
6 0 - c y c l e v i b r a t o r a t the b a s e of the fu rnace a s s e m b l y . 
The m a g a z i n e is h e a t e d and, when the s o d i u m is in a 
l iquid s t a t e , the v i b r a t o r is t u r n e d on. This ac t i on 
is con t inued for 2.5 h r . Dur ing th i s t i m e , the fu rnace 
t e m p e r a t u r e is b r o u g h t to a s t e a d y - s t a t e va lue of 
500°C. After the run , the m a g a z i n e is r e m o v e d f r o m 
the bonding fu rnace and p l a c e d on a " q u e n c h e r . " The 
q u e n c h e r ( see F ig . 8) p r o g r e s s i v e l y cools the e l e m e n t s 
f r o m the bo t tom to the top by c o n t r o l l e d flow of cool 
a i r . This c o n t r o l l e d cooling c l e a r s the e l e m e n t s of 
s h r i n k a g e v o i d s . 

The fo rego ing p r o c e s s r e l i e s on two f a c t o r s 
to c r e a t e a w e l l - b o n d e d fuel e l e m e n t : (1) a t e m p e r a 
t u r e of 500°C to i n s u r e wet t ing of the sod ium to the 
i n t e r n a l s u r f a c e s ; and (2) the e n e r g y i m p a r t e d to the 
fuel e l e m e n t a s it is bounced off the h i g h - f r e q u e n c y 
v i b r a t i n g p l a t e . The l a r g e - a m p l i t u d e , l o w - f r e q u e n c y 
f l ights of the e l e m e n t a r e i m p o r t a n t to the bonding 
effor t . C h e c k - o u t t e s t o p e r a t i o n of the v i b r a t o r y 
bonde r r e v e a l e d t h e s e f l ights w e r e r a n d o m in o c c u r 
r e n c e and the a m p l i t u d e s r a n g e d f r o m 0.25 in. to 
0.375 in. 

Dur ing the e a r l y s t a g e s of the p r o d u c t i o n run , 
both m a c h i n e s w e r e p lagued wi th e q u i p m e n t f a i l u r e s 
and e r r a t i c p e r f o r m a n c e . The l ack of r e l i a b i l i t y w a s 
a t t r i b u t e d to inabi l i ty of the m a c h i n e s to v i b r a t e the 
heavy m a g a z i n e . T h e r e f o r e , c e r t a i n d e s i g n r e v i s i o n s 
w e r e m a d e w h e r e b y the v i b r a t o r y e n e r g y w a s i m p a r t e d 
d i r e c t l y to the fuel e l e m e n t . T h e s e r e v i s i o n s ( see 
i n s e t of F ig . 7) inc luded r e p l a c e m e n t of the v i b r a t i n g 
p l a t f o r m wi th a v i b r a t i n g r ing , c o u n t e r b o r i n g the 

m a g a z i n e b a s e to a l low c l e a r a n c e for the r i n g , and p l a c e m e n t of the m a g a 
z ine on a s t a t i o n a r y b a s e . As a r e s u l t of t he se c h a n g e s , both m a c h i n e s 

Fig. 8. 
Fuel Element Bonding Maga 
zine Being Lowered onto 
Air-cooling Quenchet. 
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accumulated approximately 19,560 bonding cycles without equipment 
failure. However, the production performance of the machines continued 
to be e r ra t ic . Consequently, a considerable number of fuel elements were 
recycled (in some instances, several times) to achieve acceptable bonds. 
On the average, 1.4 bonding cycles were required to produce one accept
able fuel element. 

This initial production experience with the vibratory bonding 
equipment, along with visual examination of the processed fuel elements, 
revealed: (l) impulses that promoted free, uninterrupted flights of the 
elements from and to the vibrating plate, and (2) amplitudes of from 
0.25 in. to 0.375 in. were conducive to the production of acceptable bonded 
fuel elements. Amplitudes in excess of 0.375 in. resulted in sodium en
trapment in the gas-pocket area of the element. Moreover, there was a 
definite change in the random frequency with which these amplitudes could 
be achieved (possibly due to cocking and/or friction between the fuel e le
ment and support tube). These observations suggested a t imed-impact 
mechanism that would: (l) deliver a sharp blow to the base of the fuel 
element and, indirectly, impart motion to the contained fuel pin; and 
(2) allow the fuel pin to settle prior to the next impact. 

B. Impact Bonding 

Figure 9 shows the laboratory test model of the t imed-impact bond
ing equipment. It comprised: (l) a thermally controlled furnace section 
(24 in. long) with an internal diameter (2 in.) surrounded to full length by 
Hevi-Duty heaters; (2) a steel striking head actuated by an air cylinder 
(of 2.5-in. dia); (3) an electrical t imer for operating the a i r -cont ro l valve 
and, in turn, the air cylinder; and (4) fuel-element holders . 

Two types of fuel-element holders were evaluated. The "Fixed 
Element" holder held six elements snugly, and the blow from the driving 
head was imparted to the holder. In this case, the holder moved with the 
element, thus eliminating the cocking effect and the friction observed in 
the production machinery. 

The "Tube Type" holder was a small mockup of the production 
magazine. Three fuel elements, with connecting sockets attached, were 
placed into the tubes, and the elements received the impact directly through 
the socket. The "Tube-Type" holder was used to investigate the practicality 
of using it in conjunction with the impact-bonding technique and the proposed 
remote-controlled operations in the Fuel Cycle Facility. 

Each holder was top loaded into the furnace, supported by the handle 
resting on the top of the furnace, and extended through the open bottom of 
the furnace. The amplitude of the free flight was varied by adjusting the 
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conflict between the striking head and the holder. In the case of the "Fixed 
Element" holder, this was done by rotating the hexagonal nut at the bottom. 
On the "Tube-Type" holder, the adjustment was made at the handle. 

F I X E D ELEMENT 

Fig. 9- Timed-impact Bonder and Fuel-element Holders 

Upon completion of each bonding operation, the elements were 
quenched on the production line and inspected by normal production 
methods, i.e., by use of eddy-current technique for void detection, and by 
use of X rays for bubbles and gross traps in the res t ra iner area . 

The impact bonder was initially employed in an attempt to recover 
fuel elements that had been rejected from the production line. These r e 
jec ts , totalling 123 fuel elements, had been recycled several t imes 
through the production machine without success . Also, they represented 
the full spectrum of bond defects (see Fig. 6). The impact bonder was set 
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for a t e m p e r a t u r e of 500°C, a flight a m p l i t u d e of 1.5 in . , and 500 i m p a c t 
ing blows p e r e l e m e n t . The " F i x e d E l e m e n t " ho lde r w a s e m p l o y e d t h r o u g h 
out the r e c o v e r y p r o g r a m . The r e s u l t s w e r e v e r y e n c o u r a g i n g : 
e l e m e n t s w e r e r e c o v e r e d , for an o v e r a l l y ie ld of 94%. 

116 fuel 

T h r e e s e r i e s of t e s t s w e r e m a d e to d e t e r m i n e the o p t i m u m i m p a c t -
bonding condi t ions wi th r e s p e c t to t e m p e r a t u r e , n u m b e r of i m p a c t s , and 
a m p l i t u d e . A to ta l of 90 e l e m e n t s w e r e p r o c e s s e d : 78 e l e m e n t s w e r e 
bonded in the "F ixed E l e m e n t " ho lde r , and 12 e l e m e n t s w e r e bonded in 
the " T u b e - T y p e " ho lde r . 

I n T e s t S e r i e s No. 1, the ampl i tude was v a r i e d f rom 0.25 to 1.5 in. , 
the t e m p e r a t u r e w a s he ld cons tan t a t 500°C, and the e l e m e n t s r e c e i v e d 
1,000 i m p a c t s . A to ta l of 18 fuel e l e m e n t s w e r e bonded under t h e s e cond i 
t ions . As shown in Table 1, the p e r c e n t a g e of a c c e p t a b l e e l e m e n t s i n c r e a s e d 
wi th i n c r e a s i n g ampl i tude and r e a c h e d a m a x i m u m at a m p l i t u d e s r ang ing 
f rom 1.25 to 1.5 in. This o b s e r v a t i o n is not in a g r e e m e n t wi th the v i b r a t o r y -
bonding e x p e r i e n c e . In the l a t t e r c a s e , t r a p p e d s o d i u m w a s o b s e r v e d in 
e l e m e n t s that w e r e p r o p e l l e d to a m p l i t u d e s in e x c e s s of 0.375 in. The 
di f ference is a t t r i b u t e d to the fact that in the " i m p a c t b o n d e r " the i m p a c t s 
a r e i m p a r t e d only when the e l e m e n t s a r e a t r e s t . 

Table 1 

SUMMARY OF TEST SERIES NO. 1: 

Temp: 500°C; 
Impacts: 1000; 

Type of Holder: 
Elements per Holder 

AMPLITUDE VARIED 

"Fixed Element"; 

Test 
No. 

1 
2 
3 
4 
5 
6 

Amplitude, 
in. 

0.25 
0.50 
0.75 
1.0 
1.25 
1.50 

Element Clas
sification (Eddy 

Current and 
X ray) 

Accept 

1 
1 
1 
3 
3 
3 

Reject 

2 
2 
2 
1 
0 
0 

Cause of Rejection 

Void 

2 
1 
0 
0 
0 
0 

Bubble 

0 
2 
2 
1 
0 
0 

Na Trap 

1 
0 
1 
1 
0 
0 

Percent 
Acceptable 

33 
33 
33 
66 

100 
100 

In Tes t S e r i e s No. 2, the t e m p e r a t u r e w a s he ld c o n s t a n t a t 500°C, 
the ampl i tude was p r e s e t a t 1.50 in. , and the n u m b e r of i m p a c t s w a s v a r i e d 
f rom 10 to 1000. As shown in Table 2, the m a x i m u m p e r c e n t a g e of a c c e p t 
able fuel e l e m e n t s was a c h i e v e d wi th i m p a c t s r ang ing f r o m 800 to 1000. 
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SUMMARY OF TEST SERIES NO. 2: IMPACTS VARIED 

Temp: 500°C; 
Amplitude: 1.50 in 

Type of Holder: "Fixed Element"; 
Elements per Holder: 3 

Test 
No. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 

Number of 
Impacts 

10 
20 
40 
60 
80 

100 
150 
200 
300 
400 
500 
600 
700 
800 
900 

1000 

Element Clas
sification (Eddy 

Current and 
X ray) 

Accept 

2 
1 
1 
1 
1 
3 
2 
2 
1 
2 
3 
3 
3 

Reject 

3 
3 
3 
1 
2 
2 
2 
2 
0 
1 
1 
2 
1 
0 
0 
0 

Ca 

Void 

3 
3 
2 
1 
2 
2 
2 
2 
0 
1 
1 
1 
1 
0 
0 
0 

use of Re 

Bubble 

3 
3 
1 
0 
0 
0 
0 
0 
0 
0 
0 
1 
0 
0 
0 
0 

ection 

Na Trap 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

Percent 
Acceptable 

0 
0 
0 

66 
33 
33 
33 
33 

100 
66 
66 
33 
66 

100 
100 
100 

In Test Series No. 3, the machine was preset for an amplitude of 
1.50 in., a total of 1000 impacts per holder, and the temperature was varied 
from 250°C to 500°C. As evidenced by Table 3, the maximum number of 
acceptable fuel elements was achieved with a bonding temperature of 500°C. 

SUMMARY OF TEST SERIES NO. 3: TEMPERATURE VARIED 

Amplitude: 1.50 in.; 
Impacts: 1000; 

Type of Holder: "Fixed Element" 
Elements per Holder: 3 

Test 
No. 

1 
2 
3 
4 
5 
6 

Temp, 
°C 

250 
300 
350 
400 
450 
500 

Element Clas -
sification (Eddy 

Current and 
X ray) 

Accept 

0 
0 
2 
1 
2 
3 

Reject 

3 
3 
1 
2 
1 
0 

Cause of Rejection 

Void 

3 
3 
1 
2 
1 
0 

Bubble 

0 
0 
0 
0 
0 
0 

Na Trap 

1 
1 
1 
0 
0 
0 

Percent 
Acceptable 

0 
0 

66 
33 
66 

100 
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The impact-bonding test program was terminated with the bonding 
of twelve fuel elements, using the "Tube-Type" holder. The machine was 
preset for a temperature of 500°C, a total of 1,000 impacts per element, 
and an amplitude of 1.875 in. The resul ts were excellent: eleven perfect 
elements, and one element with a small, acceptable void. 

As a final verification of the bonding ability of this technique, groups 
of elements were selected from each test ser ies and decanned for visual 
inspection. Elements bonded at 250°C revealed porous and cracked sodium, 
and incomplete wetting of internal surfaces. Trapped sodium occurred in 
most elements bonded at temperatures below 400°C. Elements bonded at 
temperatures above 400°C showed a homogeneous sodium annulus, charac
terist ic of complete wetting of surfaces. The same condition prevailed in 
elements bonded with amplitudes as low as 0.375 in.; however, bubbles 
were observed under the res t ra iner in these elements. No bubbles were 
detected in elements bonded with amplitudes of 1.5 in. 

The following conclusions are based on the resul ts of the test p ro
gram, and the experience gained from the prototype production bonding 
machine: 

(1) Acceptable bonds can be produced consistently, in a shorter 
operational time, by using a bonding temperature of 500°C, an 
amplitude of 1.50 in., and a total of 1,000 impacts per element. 

(2) The impact-bonding technique can be used without disturbing 
or changing the proposed remote-controlled handling scheme 
in the Fuel Cycle Facility. 
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III. BOND INSPECTION 

During the early stages of Core-I production, the fuel elements (at 
room temperature) were inspected with an eddy-current coil and a semi-
remote-control led machine. The equipment is shown in Fig. 10. 

Briefly, the inspection procedure was as follows: The bonding 
magazine containing 50 elements was removed from the quencher and 
lowered onto the indexing platform. The indexing platform positioned a 
single element under the eddy-current coil. The push rod raised the ele
ment up through the coil for complete scanning, then reversed direction 
and allowed the element to fall back through the coil to complete the in
spection cycle. This cycle was repeated automatically until the entire 
magazine inventory was inspected. 

The specifications for the initial detection coil were: 0.438-in. ID; 
0.0938 in. long; 250 turns of Formvar- insula ted, AWG-40 copper wire; 
and a frequency of 90 kc. The coil was connected to a DuMont Cyclograph. 

The apparatus was durable and capable of detecting inhomogeneities 
in the sodium annulus that were smaller than the specified maximum non-
wetted a rea . However, it could not: (a) differentiate between gas-filled 
voids and shrinkage voids created by improper cooling; or (b) accurately 
define the sodium level. 

The lat ter specification was difficult to meet under production con
ditions because of the close tolerances of the element and the thermal be
havior of the fuel pin. A total accumulated fabrication e r r o r of 0.001 in. 
between the ID of the clad and the OD of the fuel pin can reflect a differ
ential of 0.04 in. from the specified sodium level. Moreover, during the 
preheating stage of the bonding operation, varying amounts of retained 
gamma phase in the fuel pin a re converted to the more dense alpha phase, 
with a consequent change in volume. Destructive examination of certain 
production fuel elements revealed diametr ical reductions ranging from 
0.0001 in. to 0.0006 in., and longitudinal reductions from 0.010 in. to 
0.060 in. 

Consequently, drast ic changes in the sodium level did occur. At
tempts to predict the sodium level on the basis of dimensional data at time 
of loading were unsuccessful. In the absence of an accurate measuring 
device, and as a mat ter of expedience, the sodium level in Core-I fuel 
elements was determined by X-ray techniques. 

X-ray bond-inspection techniques a re not amenable to remote -
controlled operations in the Fuel Cycle Facility. Moreover, the inspection 
will be performed with fuel elements containing bond sodium in the liquid 
state. Accordingly, experimental equipment was assembled to facilitate 
evaluation of eddy-current resolution of defects in liquid sodium. 



- F U E L ELEMENT SUPPORT TUBE 

DETECTION COIL' 

Fig . 10. P r o d u c t i o n E d d y - c u r r e n t E q u i p m e n t Used to Inspec t F u e l E l e m e n t s 
with Sodium Bond in the Solid S ta te 
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The experimental apparatus was constructed to have the same char
ac te r i s t i c s as the final "in-cell" equipment and still be versat i le enough 
for test purposes . With reference to Fig. 11, the apparatus consisted of: 
(1) a single-element, two-section furnace; (2) an element drive mechanism 
s imi lar to the unit used on the production line; (3) an eddy-current detec
tion coil connected to a DuMont Cyclograph; (4) an amplifier and pen s t r ip 
r ecorde r ; and (5) the necessa ry power-control and tempera ture- recording 
instrumentation. 

Both furnace sections and the detection coil were serviced by in
dividually controlled hea ters . In this manner, the temperature along the 
furnace axis could be varied or maintained at a ±5°C differential, dupli
cating any tempera ture environment that may prevail in the Fuel Cycle 
Facil i ty. Thermocouples were installed at 2-in. intervals along the linear 
axis to reg i s te r tempera ture profiles of the entire system. The bottom 
furnace section was stationary. The top section could be shifted upward 
to permi t changing of the detection coil. 

Each detection coil tested was wound on the same form and with 
the same ma te r i a l used on the production machine. The fuel element was 
driven through the coil at 2 in . / sec . Sufficient clearance was provided in 
the coil to eliminate any sticking or binding due to small bends or m i s 
alignment in the fuel elements . 

The signal from the coil was conducted through 3 2 ft of 4-conductor, 
magnesium-insulated cable, through a variable a i r -gap condenser (13. 5 to 
320 mmf), and into the cyclograph. The t ransmiss ion cable was similar 
to the cable that will be used to penetrate the shielding walls of the Fuel 
Cycle Facil i ty. The output of the cyclograph was monitored by a dc volt
meter and fed into an amplifier where it was amplified to drive the s t r ip 
r eco rde r . 

A. Resolution of Sodium-bond Defects 

The f irst coil tested was identical with the coil used to inspect 
"cold" fuel elements on the production line (250 turns, 90 kc). The resul ts 
were unsuccessful due to loss of coil sensitivity as the sodium became 
molten. 

To regain sensitivity, a se r ies of tests were made with various coil 
designs, operational frequencies, and coil windings ranging from 100 to 
150 turns . These coils were evaluated through use of a fuel element in 
which only the lower half of the pin was immersed in sodium. This in
sured a large, unbonded, gas-filled void that was unaffected by t empera 
ture changes. The maximum difference in signal output between the 
bonded and the unbonded a r ea s was obtained with a 125-turn coil operated 
at a frequency of 130 kc. 



- ^ T O P SECTION 

RESISTANCE HEATERS 

DIAGRAM OF E 0 D Y C U R R E N 1 _ D E T W W ^ ^ 

—-BOTTOM SECTION 

PUSH ROD 

FURNACE-COIL ASSEMBLY 

ARRANGEMENT OF EXPERIMENTAL EQUIPMENT 

Fig 11. E x p e r i m e n t a l E d d y - c u r r e n t E q u i p m e n t Used to Inspec t F u e l E l e m e n t s 

vith Sodium Bond in the Liquid Sta te 
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The resolution of this coil was checked through use of standard 
fuel elements with foreign mater ia l inser ts to simulate voids. In some 
elements, the inser ts were mounted flush with the fuel pin; in others , the 
m s e r t s extended 0.005 in. into the sodium annulus. The fabrication details 
and other pertinent data on the insert mater ia ls a re described in Fig. 12 
and Table 4. The cr i te r ia for mater ia l selection were: (l) res is tance to 
attack by molten sodium, and (2) electr ical resist ivi ty lower than that of 
a natural void in the sodium. The eddy-current coil senses the change in 
res is tance produced by a void in the sodium annulus. It was believed that, 
if the art if icial voids could be resolved, natural voids of a size smaller 
than specified as acceptable also could be resolved. 

h-fl 

METALLIC INSERTS 

^ " ^ ^ T o i o 

MOUNTING DETAIL 

-t 

r jR ^ NON-METALLIC INSERTS K - 2 ^ — 2 " — 

Fig. 12 

Metallic and Nonmetallic 
Inserts Used to Simulate 
Voids in Fuel Elements 

112-699 

Inserts per 
Fuel Element 

6 
6 
6 
6 
6 
6 
6 
6 
4 
4 
4 

DESCRIPTION AND LOCATION OF SIMULATED VOIDS IN FUEL ELEMENTS 

Insert 

Material 

A lum inum 

A lum inum 

A luminum 
A luminum 

Nichrome 
Nichrome 

Nichrome 
Nichrome 

Graphite IReactor Grade) 

Lava " M " IFiredl 
Lava "A" iFlrePI 

Location and Geometry of Insert 

Bottom Half of Fuel Element 

Ci rcu lar . 

in. 

1/64 

1/M 
1/16 

1/16 

1/64 
1/64 

1/16 

1/16 

1/16 
1/16 

1/16 

Rectangular, 

jn. 

1/16 X 3/32 

1/16 X 3/32 
1/16 X 3/32 

Top Half of Fuel Element 

Circular, 

in. 

1/32 

1/32 

3/32 
3/32 

1/32 
1/32 

7/64 

7/64 
3/32 

3/32 

3/32 

Rectangular, 

in. 

1/16 X 1/8 

3/32 X 1/8 
3/32 X 1/8 

Distance 
into Sodium 

Annu lus . 
in. 

0.000 
0.005 

0.000 
0.005 

0.000 
0.005 

0.000 

0.000 
0.005 

0.005 
0.005 

Resistance, 
ohm-cm 

4 » 1 0 - » 

4 X 1 0 - ' 
4 X 10-« 

4 X 10 - ' 

100 X 10 - ' 
100 X 10 - ' 

100 X 1 0 - ' 

100 X 1 0 - ' 
830 X 1 0 - ' 

9 x 1 0 " 
6 x 1 0 " 

Note: Resistance of the Uranlum-5% Fissium Alloy - 65 x 10"* ohm-cm. 

Resistance of Na at 140°C = 11 x 10"* ohm-cm. 



The fuel elements containing the artificial voids were inspected at 
50°C, 130°C, and again at 50°C. The nonmetallic voids gave a variety of 
indications. Moreover, destructive analysis revealed that, in some cases, 
the graphite and the lava materials had been impregnated by the sodium. 
The metallic voids gave excellent indications. Aluminum inser ts of ^ -in. 
diameter or larger, both flush and extended, were resolved at 130°C (see 
Fig. 13). Only the extended inserts were detected at 50°C. The extended 
nichrome inserts of yj-in. diameter or larger were resolved at both tem
peratures. It was concluded that the DuMont Cyclograph, with a 125-turn 
coil operated at 130 kc, can resolve a void smaller than 7^ in. in diameter 
in the sodium annulus at 130°C. 

ALUMINUM FLUSH MOUNTED 

-FUEL ROD TOP 

•;Pt:tJiU:±J 
NICHROME FLUSH MOUNTED 

-FUEL ROD TOP 

NICHROME 0.005 PENETRATION 

Fig. 13. Typical Cyclograph Traces of Fuel 
Elements Containing Aluminum and 
Nichrome Inserts to Simulate Voids 

112-713 

This conclusion was verified by a comparison inspection of ele
ments selected from the Core-I production run. Figure 14 shows two 
traces of a particular production fuel element. One trace was made at 
room temperature with the production equipment, and the other at 130°C 
with the experimental equipment. This element was selected because it 
represented the poorest indication discernible with the production equip
ment. Subsequently, the element was decanned to expose the area of the 
fuel pin wherein the void was detected. The area was photographed and 
correlated to the t races . As shown in Fig. 14, the diameter of the void 
measured approximately j ^ in. 
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BLD-6 PRODUCTION EQUIPMENT 
|\TEtJP = 20°C 90KC 

l \ ^ X ^ T O P •" 

^ K - — — V O I D 

BOTTOM 

EXPERIMENTAL EQUIPMENT 
TEMP' I30°C 132 Kc 

,VOID BOTTOM! 

'/ / 

Fig. 14 

Comparison of Resolutions 
of Void Area in Fuel Pin by 
Production Equipment and 
by Experimental Equipment 

112-710 

B. Sodium-bond Level 

The successful operation of the experimental bond-inspection 
equipment was limited to the detection and resolution of defects in the 
sodium. Indications and definitions of the sodium level were still e r ra t ic 
and inaccurate. Accordingly, an independent study was made of eddy-
current measurement techniques. A multipoint, differential, pulsed eddy-
current instrument was designed2 and tested on the production line. The 
instrument was successful in defining the sodium level; however, because 
of the close tolerance of the detection coil, it was deemed too delicate for 
remote-control led operation. It did, however, focus attention on the de
velopment of a differential pulse coil. 

Ultimately, a single, encircling, differential, pulsed eddy-current coil 
(see Fig. 15)was assembled and tested on the experimental bond-inspection 
equipment. The coil was capable of detecting a small (< j j i n . ) void in the 

L«VA FOiiHS ASSEMBLED 

Fig. 15. Pulsed Eddy-current Coil 

^K. Ono and W. J. McGonnagle, Pulsed Eddy-current Instrument for 
Measuring Sodium Levels of EBR-II Fuel Rods, ANL-6278 (July 196l) 
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-RESTRAINER 

m o l t e n s o d i u m annu lus , but was in
capab l e of m e a s u r i n g the s o d i u m level . 
X r a y s of the fuel e l e m e n t s d i s c l o s e d 
tha t the s o d i u m l e v e l was a s k e w , even 
wi th the s o d i u m in a l iquid s t a t e . M o r e 
ove r , an a n a l y s i s of X r a y s t aken of 
p r o d u c t i o n fuel e l e m e n t s showed a 
c o r r e l a t i o n b e t w e e n e r r a t i c s o d i u m 
l eve l s and r e s t r a i n e r e c c e n t r i c i t y 
(see F ig . 16). 

In o r d e r to e l i m i n a t e r e s t r a i n e r 
e c c e n t r i c i t y , the r a d i a l c l e a r a n c e b e 
tween the lower knob and the can wal l 
was r e d u c e d to 0.002 in. This was a c 
c o m p l i s h e d by i n c r e a s i n g the d i a m e t e r 
of the knob f rom 0.140 in. to 0. 152 in. 
In addi t ion, the knob w a s s lo t ted to 
p rov ide gas p a s s a g e s ( see F ig . 17). 

Fifty fuel e l e m e n t s w e r e fabr i 
ca ted with the modif ied r e s t r a i n e r s , 
bonded, and i n s p e c t e d . X r a y s of these 
e l e m e n t s , in the l iquid and the sol id 
s t a t e s , showed u n i f o r m s o d i u m l eve l s . 
T h e s e findings w e r e c o n f i r m e d upon 
r e m o v a l of the c ladd ing . F i g u r e 18 

shows the un i fo rm sod ium bond leve l effected by the modi f ied r e s t r a i n e r 
knob. E d d y - c u r r e n t m e a s u r e m e n t s of t h e s e sod ium l eve l s w e r e m a d e 
with the s ingle , d i f fe ren t ia l pu lsed coi l . The r e s u l t s 
c o r r e l a t e d wel l with the X - r a y r h e a s u r e m e n t s (see 
F ig . 19). D e s t r u c t i v e a n a l y s i s showed the a c c u r a c y 
of l eve l m e a s u r e m e n t to be i TT in. 

CENTERED RESTRAINER OFF CENTERED RESTRAINER 

Fig. 16. Effect of Eccentricity of Fuel-pin Re
strainer Knob on Sodium-bond Level 

112-701 

no 
F u r t h e r t e s t i n g of t h e c o i l r e v e a l e d t h a t i t 

w a s c a p a b l e of d e t e c t i n g i n s u f f i c i e n t s o d i u m , s o d i u m 
t r a p p e d in t h e g a s p o c k e t , g a s b u b b l e s u n d e r t h e r e 
s t r a i n e r , a n d g a s b u b b l e s o n t o p of t h e u r a n i u m ( s e e 
F i g . 2 0 ) . 

C . S h r i n k a g e V o i d s 

T h e e f f e c t of s h r i n k a g e v o i d s on s o d i u m h o m o 
g e n e i t y w a s a l s o i n v e s t i g a t e d . A s m e n t i o n e d e a r l i e r , 
s h r i n k a g e v o i d s a r e p r o m o t e d b y i m p r o p e r c o o l i n g of 
t h e s o d i u m b o n d . F o r t e s t p u r p o s e s , a f u e l e l e m e n t 
o r i g i n a l l y c l e a r of s h r i n k a g e v o i d s w a s d e l i b e r a t e l y 
c o o l e d t o g e n e r a t e v o i d s of t h i s t y p e . It w a s i n s p e c t e d 
w h i l e t h e s o d i u m w a s h e a t e d a n d c o o l e d t h r o u g h t h e 
s o l i d - l i q u i d p h a s e c h a n g e . 

(dimensions in in.) 

Fig. 17. Modified Lower 
Restrainer Knob 
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The r e s u l t s a r e shown in F i g . 21 . At 30°C, vo ids a r e ev iden t . As 
the t e m p e r a t u r e e x c e e d s the m e l t i n g point of s o d i u m (98.7°C), the vo ids 
d i s a p p e a r . Upon cool ing , two new v o i d s a r e v i s i b l e (90°C). Both a r e d i s 
c e r n i b l e upon s u b s e q u e n t h e a t i n g up to ~100°C, but d i s a p p e a r du r ing the 
f ina l coo l ing c y c l e . T h e s e o b s e r v a t i o n s s u p p o r t the conc lus ion tha t s h r i n k 
a g e v o i d s a r e of a t r a n s i e n t n a t u r e and, h e n c e , do not p e r m a n e n t l y d i s t u r b 
the h o m o g e n e i t y of the s o d i u m bond. 

i H 

(B) 

V 

Fig. 18. Closeup of (A) Irregular Sodium Bond Level above Old Restrainer Knob and 
,„, ., .r _ n. J ..__ T _ygj Obtained with Modified Restrainer Knob 



V 1 
y -1^^ \f 

[-•-O.I3-t0.40=0.53 

Acceptable 
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Fig. 19. Single, Differential, Pulsed Eddy-current Coil Traces of Sodium-
bond Levels in Fuel Elements with Modified Restrainer Knobs 

112-756 
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Acceptable 
Element 

- ^ - \ j 

Insufficient 
Sodium 

Sodium Trapped 
in Gas Pocket 

Gas Bubble under 
Restrainer 

Gas Bubble on 
Top of the Uranium 

(Composite of 
Defects) 

Fig. 20. Scope of Defec t s D e t e c t e d by Single , Di f fe ren t i a l , 

P u l s e d E d d y - c u r r e n t Coi l 

112-755 
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-FUEL ELEMENT TOP -FUEL ELEMENT TOP 

IOO°C 

I20°C 

SHRINKAGE VOID 

STEADY STATE CONDITIONS 

STEADY STATE CONDITIONS 
50°C 

I00°C 

50°C 

Fig. 21. Phenomenon of Transient Shrinkage Voids in 
Sodium Promoted by Heating and Improper 
Cooling of an Initially Void-free Element 

112-704 
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IV. FUEL CYCLE FACILITY MACHINES 

The resul ts of the concurrent production and development programs 
were projected into the final designs of the remote-controlled bonding and 
bond-inspection machines in the Fuel Cycle Facility. A more detailed 
description of these machines can be found in a separate report . 

A. Bonding Machine 

The bonding machine shown in Fig. 22 features a solenoid-actuated 
striking head, or platen. The impact is delivered to connecting rods at
tached to the tips of the fuel elements. The impact frequency is 30 cyc les / 
min, and the fuel elements move freely inside guide tubes. Heat is supplied 
by a res i s tance heater in the center of the bonding magazine. 

STRIKING HEAD 

-TUNING SPRINGS 

Fig. 22. Fuel-element Sodium-bonding Machine 
for Remote-controlled Operation in 
EBR-II Fuel Cycle Facility. 

112-706 

3 A. B. Shuck et al . . Remote Control Equipment for Ilefabrication of 
Irradiated EBR-II Fuel, ANL-6273 (to be published). 



B. Bond-inspection Machine 

The bond-inspection machine (see Fig. 23) employs pulsed eddy-
current instrumentation. With reference to Fig. 23, the machine consists 
of a pivoted loading-and-indexing platform and shell heater to support the 
bonding magazine and to maintain the sodium in a liquid state during in
spection. Other components include: (a) a magazine-indexing device which 
positions each fuel element under the detection coil; (b) a s ta r ter cylinder 
that places the element into the gripping device attached to the actuator 
band; and (c) a motor that drives the band, thus moving the fuel element 
through the detection coil. After inspection is completed, the platform is 
pivoted by the air cylinder, and the magazine is removed. The acceptable 
fuel elements are t ransferred to the reassemble area (see Fig. 5). The 
defective fuel elements are decanned and recycled. 

DRIVE ROUS 

DRIVE MOTOR 

ACTUATOR BAND 

EDDY CURRENT COIL 

NDEXING CYLINDER 

PIVOT CYUNDER 

Fig. 23. Fiiel-element Sodium-bond-inspection 
Machine for remote-controlled Oper
ation in EBR-II Fuel Cycle Facility 

112-753 

The bond and bond-inspection machines are designed to have a maxi
mum number of parts replaceable by a remote-controlled manipulator using 
a common grip and vertical motion. 
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